Atomic layer deposition (ALD) of the α-Fe 2 O 3 electrode. Prior to deposition of Fe 2 O 3 , ~2 nm Ga 2 O 3 as an underlayer was deposited on fluorine-doped tin oxide (FTO)-coated aluminoborosilicate glass substrates (Solaronix, 10 Ω·sq -1 ). Thin films of Ga 2 O 3 and Fe 2 O 3 were deposited by ALD (Savannah 100, Cambridge Nanotech Inc.), using the procedure described previously. 1,2 Briefly, the FTO glass was cleaned by 15 min sequential sonication in soap, water, and isopropyl alcohol. The Ga 2 O 3 was deposited using tris-(dimethylamido)gallium(III) (Ga 2 (NMe 2 ) 6 ) (Strem Chemicals Inc.) as the Ga precursor and H 2 O as the oxidant using a procedure modified from a previous report. 3 The Ga cylinder was heated to 150 °C and pulsed for 0.2 s under exposure mode for 8 s, followed by a 12 s purge. A 0.015 s pulse of H 2 O was then introduced under the same exposure-purge time to oxidize the Ga precursor. A growth rate of ~ 1.1 Å Ga 2 O 3 /cycle was measured by spectroscopic ellipsometry (Horiba Jobin Yvon, Smart-SE) on control Si wafers. The Ga 2 O 3 coated FTO substrates were subsequently coated with ~ 30 nm of Fe 2 O 3 by alternating pulses of ferrocene as the iron precursor and a combination of water and ozone as the oxidant. The ferrocene cylinder, heated to 70 °C, was pulsed for 20 s and was followed by an oxidation cycle which included 10 sub-cycles of a 0.015 s H 2 O pulse followed by a 2 s ozone pulse, where each sub-cycle was separated by a 5 s purge. During all depositions, Fe 2 O 3 was also grown on control Si substrates to determine the film thickness through spectroscopic ellipsometry. After the deposition of Fe 2 O 3 , the films were annealed at 500 °C for 30 min with a heating rate of 17 °C·min -1 , and were allowed to cool to room temperature over 2 h. Subsequently, the films were sintered in a preheated oven at 800 °C for 4 min and then quenched to room temperature by being removed from the oven. Photochemical metal-organic deposition (PMOD) of Ni 0.8 Fe 0.2 O x electrocatalyst film. Clean substrates are an important prerequisite to achieve defect-and crack-free films. A typical cleaning procedure of ITO or FTO|α-Fe 2 O 3 substrates includes 1) physically wiping the substrate with ProWipe-880 Berkshire cleanroom wipes and acetone (99.5%, Mallinckrodt Chemicals) to remove adhered dust particles and 2) sequentially spin-cleaning the substrates with deionized water, acetone, ethanol (200 proof, Decon Laboratories) and isopropanol (99.9% Fisher
for 0.2 s under exposure mode for 8 s, followed by a 12 s purge. A 0.015 s pulse of H 2 O was then introduced under the same exposure-purge time to oxidize the Ga precursor. A growth rate of ~ 1.1 Å Ga 2 O 3 /cycle was measured by spectroscopic ellipsometry (Horiba Jobin Yvon, Smart-SE) on control Si wafers. The Ga 2 O 3 coated FTO substrates were subsequently coated with ~ 30 nm of Fe 2 O 3 by alternating pulses of ferrocene as the iron precursor and a combination of water and ozone as the oxidant. The ferrocene cylinder, heated to 70 °C, was pulsed for 20 s and was followed by an oxidation cycle which included 10 sub-cycles of a 0.015 s H 2 O pulse followed by a 2 s ozone pulse, where each sub-cycle was separated by a 5 s purge. During all depositions, Fe 2 O 3 was also grown on control Si substrates to determine the film thickness through spectroscopic ellipsometry. After the deposition of Fe 2 O 3 , the films were annealed at 500 °C for 30 min with a heating rate of 17 °C·min -1 , and were allowed to cool to room temperature over 2 h. Subsequently, the films were sintered in a preheated oven at 800 °C for 4 min and then quenched to room temperature by being removed from the oven. Photochemical metal-organic deposition (PMOD) of Ni 0.8 Fe 0.2 O x electrocatalyst film. Clean substrates are an important prerequisite to achieve defect-and crack-free films. A typical cleaning procedure of ITO or FTO|α-Fe 2 O 3 substrates includes 1) physically wiping the substrate with ProWipe-880 Berkshire cleanroom wipes and acetone (99.5%, Mallinckrodt Chemicals) to remove adhered dust particles and 2) sequentially spin-cleaning the substrates with deionized water, acetone, ethanol (200 proof, Decon Laboratories) and isopropanol (99.9% Fisher Chemical). The Ni 0.8 Fe 0.2 O x film was deposited on the clean substrates following a previously reported method. 4 Precursors used include iron(III) 2-ethylhexanoate (50% in mineral spirits, Alfa Aesar), and nickel(II) 2-ethylhexanoate (78% in 2-ethylhexanoic acid, Sigma Aldrich). Solutions of metal precursor complexes were prepared by dissolving the appropriate ratio of metal complexes in hexanes to achieve an overall 15% w/w solution. Films of the precursor complexes were prepared by spin coating 200 µL of solution at 3000 rpm for 60 s (Laurell model WS-400BZ-6NPP/LITE). The films were then irradiated under UV light (Novascan PSD Pro Series) for 70 min and annealed at 100 ºC in air for 1 h. Fourier transform infrared (FTIR) spectroscopy (Thermo Scientific, Nicolet 6700) was employed to follow the photochemical decomposition of metal-organic complex thin films on a double-side-polished Si wafer. (Photo)electrochemical measurements. Photoelectrochemical measurements were conducted in a three-neck quartz cell containing 20 mL of aq. 0.1 M KOH electrolyte (Fluka Analytical TraceSelect, >30%, diluted with 18.2 MΩ·cm water) using a BioLogic SP-300 potentiostat. A solar simulator (Abet Technologies, model 10500) was used to back-illuminate the photoelectrodes. The intensity was calibrated to ~ 1 sun at the sample surface with a GaP photodiode (Thorlabs), which was used instead of a typical Si photodiode because GaP has a more-similar spectral response to hematite. A Pt coil and a Hg/HgO electrode filled with 1 M KOH (CH instruments) were employed as the counter and the reference electrodes, respectively. The counter-electrode potential sense lead of the BioLogic potentiostat was used to monitor and record the potential of the electrocatalyst when necessary. In separate DWE experiments, for independent control of both contacts, different bipotentiostat channels were used to control/measure WE1 (connected to ITO or FTO|α- The electrochemical impedance spectroscopic and photoelectrochemical measurements were made with a Metrohm Autolab potentiostat coupled with Nova electrochemical software. Impedance data were gathered using a 10 mV amplitude perturbation of between 10,000 and 0.01 Hz. Data were fit using NOVA software. It is worth pointing out that the electrodes used in impedance analysis are not DWEs because the Au layer might introduce another interface and cause complication of the data collected.
Materials characterization. Scanning electron microscope (SEM) images were taken using a Zeiss Ultra 55 SEM operating at 5 keV with a 20-µm aperture. Atomic force microscope (AFM) images were collected on a Bruker Dimension Icon using a Tespa v2 probe in tapping Figure S1 . FTIR spectra on the thin films of non-photolyzed precursor film (blue) and the photolyzed film (red). All samples for FTIR were thin films spun-coat on a double-side-polished Si wafer. The green areas indicate the functional groups in the 2-ethylhexanoate ligand. were held at different values in a chronoamperometry experiment to record the current densities of the catalyst film (J WE2 = J cat ). We note that for V cat between 0.24 V and 0.26 V, which is the steady-state potential measured under illumination in Fig. S7 , the catalyst is passing current similar in magnitude to the photocurrent passed under illumination, consistent with the view that the photogenerated holes move through the catalyst layer. The voltage V WE2 is relative to the thermodynamic redox potential for the OER. were measured at -0.46 and -0.36 V vs. ℰ " # /"% & ; potentials near the onset potential for water oxidation under illumination for the catalyst coated electrode. The low frequency semicircle in panel b (right side of the plot) is attributed to capacitance of the catalyst layer and is not present in the electrode without catalyst (panel a). This data is thus consistent with catalyst charging under photoelectrochemical conditions. However, the degree of charging and the efficiency of charge transfer and subsequent water oxidation cannot be determined. 2 O x appears higher compared to the case in (a) as the current is easily sensed through WE2 when the catalyst is conductive. Anodic biasing of hematite enhances the hole flux as well as the hole transfer efficiency. This demonstrates that the transfer of photogenerated holes from the semiconductor to the electrocatalyst is kinetically more favorable than water oxidation on the hematite surface under the biasing conditions in this experiment. The voltages V sem and V WE2 are relative to the thermodynamic redox potential for the OER. 
